Neurocan is a chondroitin sulfate proteoglycan present in perineuronal nets, which are associated with closure of the critical period of synaptic plasticity. During postnatal development of the neocortex dendritic spines on pyramidal neurons are initially overproduced; later they are pruned to achieve an appropriate balance of excitatory to inhibitory synapses. Little is understood about how spine pruning is terminated upon maturation. NrCAM (Neuron-glial related cell adhesion molecule) was found to mediate spine pruning as a subunit of the receptor complex for the repellent ligand Semaphorin 3F (Sema3F). As shown here in the postnatal mouse frontal and visual neocortex, Neurocan was localized at both light and electron microscopic level to the cell surface of cortical pyramidal neurons and was adjacent to neuronal processes and dendritic spines. Sema3F-induced spine elimination was inhibited by Neurocan in cortical neuron cultures. Neurocan also blocked Sema3F-induced morphological retraction in COS-7 cells, which was mediated through NrCAM and other subunits of the Sema3F holoreceptor, Neuropilin-2, and PlexinA3. Cell binding and ELISA assays demonstrated an association of Neurocan with NrCAM. Glycosaminoglycan chain interactions of Neurocan were required for inhibition of Sema3F-induced spine elimination, but the C-terminal sushi domain was dispensable. These results describe a novel mechanism wherein Neurocan inhibits NrCAM/Sema3F-induced spine elimination.
INTRODUCTION
Dendritic spines of cortical pyramidal neurons are the principal site of excitatory synapse formation. Spines undergo dynamic changes during development, including rapid spinogenesis in early postnatal life, followed by substantial pruning during adolescence (Huttenlocher, 1979; McAllister, 2007; Petanjek et al., 2011; Bian et al., 2015) . Spines are stabilized in the juvenileto-adult transition but remain dynamic (though with slower turnover rates) in the adult. Recently, we showed that NrCAM, a neural cell adhesion molecule of the L1 family, regulates Semaphorin 3F (Sema3F)-mediated dendritic spine pruning in the mouse prefrontal and visual cortex during adolescence (Demyanenko et al., 2014; Mohan et al., 2018) . NrCAM binds directly to Neuropilin-2 (Npn2), which associates with Plexin A3 (PlexA3) to form a Sema3F holoreceptor complex that mediates spine elimination (Tran et al., 2009; Mohan et al., 2018) . In the presence of Sema3F, NrCAM promotes higher order clustering of Npn2 and PlexA3 on the neuronal membrane essential for spine pruning .
Mechanisms governing the active phase of spine remodeling in adolescence and transition to more stable spines in adult brain are not well-defined. Perineuronal nets (PNNs) are mesh-like structures that surround neurons and arise postnatally around the time when synaptic contacts are stabilized (Miyata and Kitagawa, 2017) . PNNs are composed of chondroitin sulfate proteoglycans (CSPGs) with glycosaminoglycan (GAG) side chains, hyaluronic acid, tenascin-R, and link proteins that coalesce to form molecular aggregates around neuronal cell bodies and processes. PNNs have been shown to restrict neural plasticity in brain regions including the visual cortex (Pizzorusso et al., 2002; Hensch, 2005; Pyka et al., 2011; de Vivo et al., 2013) and amygdala (Gogolla et al., 2009; Hylin et al., 2013) . This restriction is partly reversible, as enzymatic degradation of GAG chains of CSPGs by chondroitinase can restore aspects of juvenile plasticity to adult circuits (Miyata and Kitagawa, 2017) . Of particular interest, spine dynamics in immature cortical pyramidal neurons diminish with maturation but can be restored by degradation of PNNs (de Vivo et al., 2013) .
Neurocan is a CSPG that is a prominent organizer of PNNs in the neocortex. Genetic studies in humans have identified Neurocan as a potential risk factor for schizophrenia, bipolar disorder (Muhleisen et al., 2012; Schultz et al., 2014; Wang et al., 2016) , and dyslexia (Einarsdottir et al., 2017) . Our interest in mechanisms regulating spine density in the developing cortex led us to investigate molecules that may mediate the reduction of spine remodeling that occurs with maturation. We hypothesized that Neurocan may inhibit spine remodeling by interfering with the functional interaction between Sema3F and NrCAM. Our results show that Neurocan inhibits Sema3F-induced spine remodeling in cortical neuronal cultures, and localizes to neuronal plasma membranes and extracellular space during maturation of the mouse neocortex. These data suggest a novel role for Neurocan as a developmental brake for spine remodeling mediated by Sema3F and NrCAM in the maturing mouse neocortex.
MATERIALS AND METHODS

Mice
Wild type (WT) and NrCAM null mutant mice in the C57BL/6 genetic background were maintained in a 12-h day and night cycle environment with ad libitum availability of chow diet and water. For labeling postmitotic pyramidal neurons in the cerebral cortex, Nex1-CreERT2 mice were crossed with the Ai9 reporter strain (both in C57Bl/6) to generate a tamoxifen-inducible reporter line of mice expressing tdTomato in postmitotic pyramidal neurons under the control of Nex1-Cre as previously characterized (Agarwal et al., 2012; Mohan et al., 2018) . Recombination-induced expression of tdTomato in postmitotic pyramidal neurons was achieved by daily injections of tamoxifen from postnatal day P10-13, as described (Agarwal et al., 2012; Mohan et al., 2018 
Immunoblotting
Lysates of mouse cortex (P7, P14, P21, and P80) and cell cultures were prepared in lysis buffer (1% Brij98, 10 mM Tris-Cl pH 7.0, 150 mM NaCl, 1 mM NaEDTA, 1 mM NaEGTA, 200 µM Na3VO4, 10 mM NaF, and 1X protease inhibitors (SigmaAldrich). Lysates (50 µg) were subjected to Western blotting with the following antibodies: anti-NrCAM (1:1000, Abcam), anti-Neurocan (1:500, R&D), anti-Sema3F (1:500, Millipore), and anti-β actin (1:1000, Millipore). Blots were developed with HRPtagged secondary antibodies (1:5000, Jackson Immunoresearch) using Western Bright ECL Substrate (Advansta) and bands quantified by densitometry.
Immunostaining
For immunostaining, neuronal cultures transfected with pCAGGS-IRES-mEGFP were fixed at DIV14 in 4% paraformaldehyde (PFA), permeabilized with Triton X-100, blocked in 10% horse or donkey serum, and labeled with chicken anti-GFP (Abcam). Secondary anti-chicken Alexa Fluor 488 antibodies (1:500) were added for 1 h before mounting and confocal imaging. For Neurocan localization, 100 µm coronal brain sections were prepared on vibratome from Nex1-CreERT2:Ai9 mice (P18 and P80) expressing tdTomato in pyramidal neurons. Serial 100 µm vibratome sections from P18 and P80 brain were matched for level based on rostrocaudal distance from the anterior end of the brain. Samples were blocked in PBS, 10% donkey serum, 0.3% Triton X100, then incubated with Neurocan antibodies (1:500, R&D) for 24 h at 4 • C, then with anti-sheep Alexa Fluor 488 secondary antibody (1:500). After washing, sections were mounted with Prolong Gold anti-fade reagent (Invitrogen) and imaged using a Zeiss LSM 700 confocal microscope. All images were captured using identical microscope settings, we kept the total z thickness (7.35 µm) as well as thickness of single optical sections (0.35 µm) same for all samples. tdTomato (red) fluorescence was excluded from analysis. The intensity of total Neurocan fluorescence observed in the green channel was quantified for each image after auto-thresholding without regard to tdTomato fluorescence. Quantification of pixel intensity was performed blindly using ImageJ software (NIH).
Neurocan Immunogold Labeling and Electron Microscopy
C57BL/6 WT mice (P18 and P80) were anesthetized and perfused transcardially with phosphate buffer (0.15 M sodium phosphate, pH 7.4) and postfixed in 4% PFA, 0.1% glutaraldehyde in PBS. Coronal vibratome sections (50 µm) were subjected to pre-embedding immunogold labeling with silver enhancement using Neurocan antibodies and streptavidinnanogold (Nanoprobes 2016), as we previously described . Sections were silver-enhanced using HQ silver enhancement kit (Nanoprobes 2012), and postfixed in osmium tetroxide. Sections were then stained with uranyl acetate and infiltrated with resin. Tissue was sectioned (50-60 nm), collected on 300 mesh nickel or copper grids, counterstained with uranyl acetate and Sato's lead and examined with a Tecnai 12 transmission electron microscope.
Spine Retraction Assay in Cortical Neuronal Cultures
Cortical neuronal cultures were prepared from mouse embryos (E15.5) and plated on laminin, poly-D-lysine coated chamber slides. Neurons were maintained in neurobasal medium (Gibco) supplemented with B27 and antibiotics. Cells were transfected with plasmid pCAGGS-IRES-mEGFP at DIV11 using Lipofectamine 2000 (Thermo Fisher Scientific). As described in , transfected cells at DIV14 were treated with 3 nM Sema3F-Fc (R&D) or Fc (Abcam) for 30 min. Where indicated, cultures were pre-treated for 30 min with 8-20 nM full length recombinant human Neurocan (Glu23-Cys1321, R&D) or a mouse Neurocan fragment (Asp23-Asp637, R&D), which lacks the C-terminal sushi domain and approximately half of the GAG-modified region. Cells were fixed in 4% PFA, permeabilized with Triton X-100, blocked in 10% serum, and labeled with anti-GFP to enhance visualization of spines. Spine densities were scored on the first branch of multiple apical dendrites using Neurolucida software. Spine analysis was blinded. Data was collected from confocal images of EGFP-labeled neurons with pyramidal morphology in each of four replicate cultures. Mean spine densities ± SEM were compared by the t-test (2-tailed, unequal variances, p < 0.05). To test the effect of GAG chain digestion, Neurocan was incubated in solution with 0.1 units/µg chondroitinase ABC (chABC, Sigma) at 37 • C for 1.5 h, followed by heat inactivation of enzyme at 100 • C for 10 min. Efficacy of GAG digestion was assessed by immunoblotting.
COS-7 Cell Retraction Assay
COS-7 cells were plated on eight well chamber slides (25,000 cells/well) coated with poly-D-lysine. The following day cells were transfected with plasmids expressing NrCAM (pCMV6), Npn2 (pCOS), and/or PlexA3-EGFP (pCAGGSPlexA3-IRES-mEGFP). At 48 h after transfection cells were treated with 3 nM Sema3F-Fc or Fc for 30 min, subjected to immunofluorescence staining for GFP and imaged on confocal microscope. The particle tool of ImageJ was used after autothresholding to measure the area of individual labeled cells. The software auto-detects the boundary of cells in thresholded images. Cells between 500 and 1000 µm 2 were classified as retracted (collapsed), and those greater than 1000 µm 2 were classified as non-retracted. The mean percent of collapsed cells relative to the total GFP-positive cells was calculated from three experiments, 10 images per condition, and compared by the t-test for significant differences ( * p < 0.05, n = 3 from ∼200 cells/image). Preliminary dose response experiments showed that Neurocan (4-40 nM) effectively inhibited the Sema3F-Fc-induced COS-7 cell retraction response; we selected 8 nM for subsequent studies.
Cell Binding and ELISA Assays
COS-7 cells were transfected with NrCAM in pCMV6 or vector alone, together with pCAGGS-IRES-mEGFP. Cortical neurons from NrCAM homozygous null mice were transfected on DIV11 with pCAGGS-NrCAM-IRES-mEGFP or vector alone. At 48 h post-transfection, cells were treated with 20 nM recombinant Neurocan at 37 • C for 30 min. To assay Neurocan binding to the cell surface, cultures were fixed and subjected to indirect immunofluorescence staining with antibodies to Neurocan and secondary Alexa Fluor-conjugated antibodies. Single optical section images were taken on the confocal microscope using the same settings for each condition, and the fluorescence intensity of staining measured using Image J.
ELISA was performed to measure the binding between NrCAM-Fc (R&D) and alkaline-phosphatase-tagged Neurocan (Neurocan-AP). The Neurocan-AP fusion protein construct was generated by PCR amplification of full-length mouse Neurocan cDNA (Accession: BC065118), followed by subcloning into the APtag5 vector so that the alkaline phosphatase (AP) tag was inserted at the N-terminus of Neurocan (Shen et al., 2009 ). Neurocan-AP or AP control proteins were harvested from conditioned media of HEK293T cells transfected with NeurocanAPtag5 or APtag5 plasmids after 72 h. Media was clarified by centrifugation and filtered through a 0.45 µm filter. Detailed methods of APtag5 protein production have been described (Flanagan and Cheng, 2000) . The ELISA was carried out essentially as described for Neurocan-AP binding to protein tyrosine phosphatase sigma (Shen et al., 2009) . Protein A plates (Pierce) were coated with 1 µM NrCAM-Fc or Fc in HBSS-20 mM HEPES, pH 7.0 for 2 h at room temperature. Blocking was performed with SuperBlock (Thermo Fisher Scientific). After washing in HBSS-20 mM HEPES, wells were incubated with 10 µM Neurocan-AP or AP for 1.5 h at RT. Reaction product was developed using p-nitrophenylphosphate to detect AP activity. Optical density measurements were taken at 405 nm on an ELISA plate reader.
To assess direct binding of Neurocan with semaphorins, 1 µg of full length recombinant Neurocan (R&D) was incubated with 1 µg of either control Fc, Sema3A-Fc, or Sema3F-Fc in Trisbuffered saline for 1 h at 37 • C. Protein A/G Sepharose beads were used to pull down Fc proteins for detection of bound Neurocan by immunoblotting with Neurocan antibodies. Blots were reprobed with anti-Fc antibodies.
RESULTS
Expression and Localization of Neurocan in Frontal and Visual Cortex
To evaluate the postnatal expression of Neurocan in developing mouse brain, cortical lysates were analyzed at P7, P14, P30, and adult by Western blotting. Neurocan was detected as a broad band from 150 to 250 kDa reflecting GAG-modification ( Figure 1A ). Quantification showed that Neurocan expression in the cortex increased markedly (∼8 fold) from P7 to P14, declined at P30, and persisted in adulthood ( Figures 1A,B) . The level of Sema3F (90 kDa) in the developing cortex paralleled that of Neurocan with a ∼6 fold increase from P7 to P14 then a decrease with maturation ( Figures 1A,B) . To determine if Neurocan was localized to cortical pyramidal neurons at adolescent (P18) and adult (P80) stages, immunofluorescence staining for Neurocan was performed in the medial frontal cortex (MFC) and primary visual cortex (V1). These cortical regions have been shown to be sites of spine density regulation on apical dendrites of pyramidal neurons by Sema3F and NrCAM/Npn2/PlexA3 . To identify pyramidal neurons, we used a tamoxifen-inducible reporter line of mice expressing tdTomato specifically in postmitotic pyramidal neurons under the control of Nex1-CreERT2 promoter (Agarwal et al., 2012; Mohan et al., 2018) . At both P18 and P80, Neurocan labeling in the MFC and V1 was prominent around cell bodies and processes of tdTomato-positive pyramidal neurons throughout the cortical layers, in addition to other cells ( Figure 1C ). Nonimmune IgG (IgG) staining was negligible. The intensity of Neurocan immunofluorescence (green channel only, excluding tdTomato) was quantified in coronal sections matched for level from confocal images obtained under identical settings. Neurocan immunofluorescence levels throughout the cortical layers were significantly greater at P18 than P80 in both the MFC and V1 (Figure 1D ). At higher magnification Neurocan labeling of pyramidal neurons at P18 in the MFC appeared to be diffusely localized around soma, dendrites, and extracellular space ( Figure 1E) . Neurocan was also evident as a diffuse net at or near the membrane of dendritic branches, including in the vicinity of dendritic spines (arrows, Figure 1F ).
The subcellular localization of Neurocan was investigated in greater detail in the MFC by immunogold labeling at the electron microscope level. At P18, labeled Neurocan was observed near the neuronal membrane adjacent to excitatory, asymmetric synapses of dendritic spines (Sp; Figure 2A , arrows) but it was not found directly within synaptic junctions. Neurocan was also evident at the membrane or extracellular space, and could be seen near presynaptic axon terminals (AT), which harbored synaptic vesicles (Figures 2A,B,D, arrows) . Neurocan labeling was frequently clustered at or near dendritic membranes as well as the extracellular space ( Figure 2C, arrows) . At P80, Neurocan was observed at the plasma membrane near spines, and sometimes adjacent to asymmetric, excitatory synapses ( Figure 2E ). At both stages labeling was rarely present within the cytoplasm. The appropriate dilution of Neurocan antibodies and specificity was pre-assessed by immunoperoxidase staining of COS-7 cells transfected with plasmids expressing Neurocan-AP or control AP protein. Cells expressing Neurocan-AP were clearly stained with Neurocan antibodies, whereas cells expressing AP elicited minimal staining, as did omission of primary antibody ( Figure 2F ). In summary, Neurocan was expressed prominently in the postnatal MFC and V1, declining with maturation, and was localized near the plasma membrane of pyramidal cell processes and adjacent to dendritic spines.
Neurocan Inhibits Sema3F-Induced Spine and Cell Retraction
To assess the potential of Neurocan to terminate spine remodeling during postnatal maturation, we tested the ability of Neurocan to inhibit Sema3F-induced spine retraction in cortical neurons in culture. In this assay (Peng and Tran, 2017; Mohan et al., 2018) , dissociated cortical neurons from mouse embryos at E15.5 were transfected with pCAGGS-IRES-mEGFP at DIV11 and cultured to DIV14. Cells were pre-treated with or without Neurocan for 30 min, then stimulated with 3 nM Sema3F-Fc or Fc protein for 30 min. We used a concentration of Neurocan (20 nM) that exceeded the Kd for Neurocan binding to L1-CAM (∼1 nM) (Friedlander et al., 1994; Milev et al., 1998) , effectively inhibited ephrinA5-induced axon terminal retraction in cortical neuron cultures , and was within the estimated physiological range in rodent brain, which varies with age and region (Rauch et al., 1992; Bhattacharyya et al., 2015) . Analysis of spine density on apical dendrites of EGFPlabeled neurons showed that Neurocan (20 nM) blocked Sema3F-induced spine retraction, but had no effect on spine density of Fc-treated neurons (Figures 3A,B) . Similar results in neuronal cultures with a lower spine density were obtained using a lower concentration of Neurocan (8 nM) (Figure 3C) .
To evaluate the molecules involved, we used a heterologous assay in which morphological retraction of COS-7 cells can be induced by Sema3A-Fc or Sema4D-Fc (Turner and Hall, 2006) . COS-7 cells were transfected with one or more plasmids expressing NrCAM, Npn2, PlexA3, then treated with 3 nM Sema3F-Fc or Fc for 30 min. COS-7 cells expressing all three Sema3F holoreceptor subunits NrCAM, Npn2, and PlexA3, showed the highest percent of retracted cells after treatment with Sema3F-Fc compared to Fc (Figures 3D,E) . Cells expressing only Npn2 and PlexA3 also retracted upon Sema3F-Fc treatment but required NrCAM for maximal response ( Figure 3E ). Significant retraction was not observed in COS-7 cells expressing Npn2 or PlexA3 alone, or in cells doubly expressing NrCAM/Npn2 or NrCAM/PlexA3 (Figure 3E) . Cells expressing only EGFP also did not respond to Sema3F-Fc ( Figure 3F) . A basal level of retracted cells was observed in each condition (25-30%), which may be due to changes in shape as a result of mitosis, migration, or cell heterogeneity. To determine if Neurocan negatively regulated Sema3F-induced cell retraction, COS-7 cells expressing NrCAM/Npn2/PlexA3 were pre-treated with 8 nM Neurocan, then stimulated with 3 nM Sema3F-Fc or Fc. Neurocan effectively blocked NrCAM/Npn2/PlexA3-dependent retraction to Sema3F-Fc ( Figure 3F) . These results demonstrated that Neurocan negatively regulates Sema3F-induced retraction through a mechanism involving the NrCAM/Npn2/PlexA3 receptor complex.
NrCAM-Dependent Binding of Neurocan
We hypothesized that Neurocan negatively regulates Sema3F-mediated retraction by binding to the extracellular region of NrCAM at the cell surface. To test this, we examined the ability of Neurocan to bind to COS-7 cells transfected with NrCAM or vector alone, together with EGFP. COS-7 cells were treated 48 h post-transfection with or without 20 nM Neurocan for 30 min. Cells were washed extensively, fixed without permeabilization, and subjected to immunofluorescence staining with Neurocan antibodies. The amount of surfacebound Neurocan on EGFP-labeled cells was quantified by measuring the fluorescence intensity of Neurocan staining in single optical sections. Results showed that Neurocan bound at greater levels to the surface of cells that expressed NrCAM compared to cells without NrCAM transfected with vector alone (Figures 4A,B) . The low level of fluorescence seen in untreated cells was likely nonspecific. Immunoblotting for Neurocan and GAPDH (loading control) in lysates of similarly treated cells, showed that Neurocan was detected in cells transfected with the NrCAM plasmid but not in control cells without NrCAM ( Figure 4C ).
To determine if Neurocan bound to neuronal cells expressing NrCAM, cortical neuron cultures from homozygous NrCAM null mutant embryos (E15.5) were transfected at DIV11 with pCAGGS-IRES-mEGFP or pCAGGS-NrCAM-IRES-mEGFP, and treated at DIV14 with 20 nM Neurocan for 30 min. After washing and fixation without permeabilization, neurons were immunostained to detect Neurocan on the cell surface. EGFPlabeled neurons expressing NrCAM exhibited a greater amount of surface-bound Neurocan than NrCAM-minus neurons, and quantitation showed that this difference was significant (Figures 4D,E) . The lower level of Neurocan fluorescence on NrCAM-minus neurons may be due to interaction with other binding proteins on the cell surface.
Results of the cell binding assays showed that expression of NrCAM leads to increased binding of Neurocan to the cell surface. To assess a direct interaction of Neurocan with the NrCAM extracellular region, we developed an ELISA using purified, full-length mouse Neurocan fused to AP expressed in HEK293T cells. NrCAM-Fc protein was adsorbed to ELISA plates that were pre-coated with Protein A, then incubated with Neurocan-AP or AP control protein for 1.5 h. Binding was quantified by colorimetric detection of bound AP using p-nitrophenylphosphate. As a positive control, Neurocan-AP was also assayed for binding to NCAM, a different cell adhesion molecule known to engage Neurocan at its extracellular Ig2 domain . Neurocan-AP bound to NrCAMFc to a significantly greater extent than control AP (Figure 4F) . Similar levels of Neurocan-AP binding to NCAM-Fc were observed. Taken together, these results support the conclusion that Neurocan binds to the extracellular region of NrCAM and inhibits Sema3F-mediated spine elimination in maturing pyramidal neurons of the mouse neocortex.
Sema3A is a class 3 semaphorin that has been reported to bind to chondroitin sulfates in PNNs but has not been shown to bind Neurocan Dick et al., 2013) . The possibility of sequestration of Sema3F-Fc by Neurocan was tested by incubating Sema3F-Fc, Sema3A-Fc, or Fc proteins in Tris buffered saline (TBS) with purified recombinant mouse Neurocan in vitro. Fc-containing protein complexes were pulled down with Protein A/G-Sepharose and subjected to Western blotting to detect Neurocan present in the Protein A/G pulldowns. Results showed that Neurocan bound to Sema3A-Fc, but there was no detectable association with Sema3F-Fc or Fc alone ( Figure 4G ). Reprobing blots with anti-Fc antibodies confirmed that pull-downs contained approximately equivalent amounts of Fc-containing protein.
Importance of Neurocan GAG Chains in Regulation of Spine Retraction
CSPGs have been shown to restrict plasticity of cortical and hippocampal neurons, and digestion of their associated GAG chains with chondroitinase ABC (chABC) increases spine dynamics and density (Pizzorusso et al., 2002; Orlando et al., 2012; de Vivo et al., 2013) . Therefore, we postulated that Neurocan GAG chains may be critical for inhibiting Sema3F-induced spine retraction. To test this hypothesis, GAG chains present on recombinant Neurocan were digested with chABC, as described . Chondroitinasedigested Neurocan was compared with untreated Neurocan for inhibition of Sema3F-Fc induced spine retraction in cortical neuron cultures. Results showed that chABC-treated Neurocan (20 nM, 30 min) did not block Sema3F-induced spine retraction, whereas untreated Neurocan effectively inhibited spine retraction compared to the untreated control (Figures 5A,B) . GAG removal from Neurocan was confirmed on Western blots by a shift in GAG-modified Neurocan to lower molecular weight and band narrowing ( Figure 5C ).
Neurocan binds to the related adhesion molecule L1 through the C-terminal sushi domain, which contains about half of the GAG chains present in Neurocan (Oleszewski et al., 2000) . To assess the role of the Neurocan sushi domain in NrCAMmediated spine retraction, a recombinant mouse Neurocan fragment lacking the sushi domain (mutNeurocan) was assayed for inhibition of Sema3F-induced spine retraction in cortical neuron cultures. Neurocan lacking the sushi domain effectively inhibited Sema3F-mediated spine retraction, indicating that NrCAM, unlike L1, does not require the sushi domain or GAGmodification of the sushi region ( Figure 5D ).
DISCUSSION
We report here that Neurocan, one of the first CSPGs to be expressed in the maturing neocortex (Carulli et al., 2010) , is expressed coordinately with Sema3F in postnatal and adult mouse brain in close apposition to dendritic spines and axon terminals. Neuronal spine retraction and cell binding studies showed that Neurocan interacts with NrCAM and inhibits Sema3F-mediated dendritic spine elimination, providing insight into the molecular basis of PNN-mediated restriction of synaptic plasticity. Our results support a model ( Figure 5E ) in which NrCAM/Npn2/PlexA3 functions as a holoreceptor complex for Sema3F that prunes excess dendritic spines from pyramidal neuron subpopulations during postnatal stages of active spine remodeling in the cerebral cortex. As PNNs arise during subsequent maturation, Neurocan within the PNN meshwork interacts with NrCAM on dendritic spines to terminate Sema3F-mediated spine pruning.
In postnatally developing areas of the mouse neocortex (MFC and V1), Neurocan was localized around processes, spines, and soma of Nex1-expressing postmitotic pyramidal neurons, then declined to lower levels in adulthood. As shown by immunoelectron microscopy of the frontal cortex (P18), Neurocan was prominent at plasma membranes and extracellular space, often in proximity to spines, axon terminals, and postsynaptic densities. Previously, we showed that Neurocan was also localized to perisomatic axon terminals and soma of inhibitory interneurons in the MFC . The present findings are in agreement with PNN localization at the surface of pyramidal cells in adult rat V1 and MFC (Alpar et al., 2006) and near dendritic spines in mouse hippocampus (Carstens et al., 2016) . In a functional assay for Sema3F signaling in cortical neuron cultures, we found that Neurocan inhibited spine retraction on apical dendrites of pyramidal neurons. Similarly, in a model cell assay for Sema3F-induced repulsion, Neurocan inhibited morphological retraction through Sema3F receptor subunits NrCAM, Npn2, and PlexA3. Our culture experiments are in accord with two-photon live imaging studies in adult mouse visual cortex, which demonstrated that CSPGs inhibited spine dynamics and constrained spine morphology, and these effects were reversed by GAG chain degradation (Pizzorusso et al., 2002; de Vivo et al., 2013) . The present findings suggest that Neurocan, possibly in conjunction with other CSPGs may contribute to terminating the highly active spine remodeling of juvenile cortical pyramidal neurons during the transition to adulthood.
Cell binding and ELISA assays showed that Neurocan was able to bind NrCAM within its extracellular region, which engages in homophilic and heterophilic interactions. chABC perturbed the ability of Neurocan to block Sema3F-mediated spine pruning in cultured neurons, indicating that GAG chains mediated this inhibition. Our binding results with recombinant proteins support radioimmunoassay studies showing binding of full length NrCAM purified from mouse brain to Neurocan (Grumet and Sakurai, 1996; Milev et al., 1998) . Our experiments with the NrCAM extracellular domain protein fused to Fc further demonstrate that Neurocan interacts with the extracellular region of NrCAM sufficiently to impair neuronal function.
A limitation of the present work is that it is not known how NrCAM association with Neurocan inhibits spine remodeling, such as by altering upstream interactions or downstream signaling. Our results clearly showed that Neurocan did not interact with the upstream ligand Sema3F. Unlike Sema3A, which associates with the CSPGs versican and aggrecan in the brain extracellular matrix (Vo et al., 2013) , Sema3F-Fc did not bind purified Neurocan, thus upstream sequestration of Sema3F is unlikely be responsible for inhibiting spine remodeling. We recently reported that NrCAM, Npn2, and PlexA3 form a complex for Sema3F required for spine retraction . Neurocan binding might alter the conformation of NrCAM within the holoreceptor complex to prevent Sema3F-induced changes in receptor function. Such an alteration could be subtle, because Neurocan did not perturb the ability of NrCAM to co-immunoprecipitate with Npn2 from transfected HEK293 cells (not shown). The carboxy-terminal sushi domain of Neurocan, which mediates binding to L1-CAM (Oleszewski et al., 2000) , was dispensable for inhibiting NrCAM-dependent spine retraction, suggesting a different mode of binding to NrCAM. Currently, little is known about Sema3F-induced signaling through PlexA3 in dendritic spines, future studies will be needed to address the possibility that Neurocan influences downstream pathways.
Neurocan and other CSPGs in PNNs have been reported to associate with Ig-class adhesion molecules, including NCAM, L1, NgCAM, Neurofascin, and TAG1, as well as integrins (Milev et al., 1998; Oleszewski et al., 2000; Falk et al., 2004; Hedstrom et al., 2007) . Thus, Neurocan could have multiple targets in developing neurons, some of which may contribute to spine remodeling. For example, an inhibitory role for Neurocan was recently identified in terminating postnatal remodeling of GABAergic axon terminals in prefrontal cortex to stabilize perisomatic inhibitory synapses . Neurocan binds the NCAM Ig2 domain and competitively inhibits NCAMEphA3 association to prevent ephrinA5/EphA3 signaling and axonal repulsion.
An inhibitory function of Neurocan in Sema3F-mediated spine pruning in the adolescent brain, suggested by our in vitro studies, might serve to protect a subpopulation of cortical pyramidal neurons from over-pruning of dendritic spines. Other mechanisms of synaptic elimination involve astrocyte-mediated phagocytosis through engulfment receptors (MerTK and MEGF10), microglia-mediated pruning (C1q, C3, and CX3CR1) (Chung et al., 2015) and autophagy through mTOR signaling (Huber et al., 2015) . The involvement of Neurocan in regulating synapse remodeling on both excitatory and inhibitory neurons makes it an important candidate molecule for neurodevelopmental disorders with aberrant spine and synapse numbers that could impact cortical excitatory/inhibitory balance. In schizophrenia, PNNs are notably altered in human prefrontal cortex (Berretta et al., 2015) where dendritic spine density is markedly diminished (Garey et al., 1998; Glausier and Lewis, 2013; Moyer et al., 2015; MacDonald et al., 2017) , and Neurocan is a candidate locus for schizophrenia, bipolar, and other neurological disorders (Cichon et al., 2011; Muhleisen et al., 2012; Schultz et al., 2014; Wang et al., 2016) .
In conclusion, we provide evidence that the PNN protein Neurocan acts as a developmental brake for spine remodeling mediated by Sema3F and NrCAM in the maturing mouse neocortex.
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